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SPLITTING OF COMBINED DELIVERY
POWER, DATA, AND COOLING IN A
COMMUNICATIONS NETWORK

TECHNICAL FIELD

The present disclosure relates generally to communica-
tions networks, and more particularly, to splitting combined
delivery power, data, and cooling in a communications
network.

BACKGROUND

Network devices such as computer peripherals, network
access points, and IoT (Internet of Things) devices may have
both their data connectivity and power needs met over a
single combined function cable such as PoE (Power over
Ethernet). In conventional PoE systems, power 1s delivered
over the cables used by the data over a range from a few
meters to about one hundred meters. When a greater distance
1s needed or fiber optic cables are used, power 1s typically
supplied through a local power source such as a nearby wall
outlet due to limitations with capacity, reach, and cable loss
in conventional PoE. Today’s PoE systems also have limited
power capacity, which may be madequate for many classes
of devices. If the available power over combined function
cables 1s increased, cooling may also need to be delivered to
the high powered remote devices. Use of point-to-point
architectures for combined function cables may result 1n
complex and expensive cable systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a network in which
embodiments described herein may be implemented.

FIG. 2 1llustrates an example of power, data, and cooling
delivery from a central hub through a splitter to remote
devices 1n the network of FIG. 1.

FIG. 3 depicts an example of a network device useful in
implementing embodiments described herein.

FI1G. 4 1s block diagram illustrating power momitoring and
control, in accordance with one embodiment.

FIG. 5 15 a block diagram 1llustrating delivery of optical
data through the splitter, in accordance with one embodi-
ment.

FIG. 6 1s a block diagram 1illustrating cooling delivery, in
accordance with one embodiment.

FI1G. 7 1s a flowchart 1llustrating an overview of a process
for delivering combined power, data, and cooling using a
splifter 1n a communications network, 1n accordance with
one embodiment.

FIG. 8 1s a flowchart illustrating a process for modifying,
settings for power, data, and cooling received through a
splitter at a communications device, 1n accordance with one
embodiment.

Corresponding reference characters indicate correspond-
ing parts throughout the several views of the drawings.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Overview

In one embodiment, a method generally comprises deliv-
ering power, data, and cooling on a cable from a central
network device to a splitter device for splitting and trans-
mitting the power, data, and cooling to a plurality of remote
communications devices over a plurality of cables, each of
the cables carrying the power, data, and cooling, receiving at
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2

the central network device, monitoring information from the
remote communications devices on the cable, processing the
monitoring information, and allocating the power, data, and
cooling to each of the remote communications devices based
on the monitoring information.

In another embodiment, a method generally comprises
receiving at a communications device, power, data, and
cooling from a splitter device receiving the power, data, and
cooling on a combined cable from a central network device
and splitting the power, data, and cooling among a plurality
of commumnications devices, monitoring the power, data, and
cooling at the communications device, transmitting moni-
toring information to the central network device through the
splitter device and on the combined cable, and modifying at
least one of power, data, and cooling settings in response to
a control system message from the central network device
allocating the power, data, and cooling to the communica-
tions devices.

In another embodiment, a system generally comprises a
central network device comprising a connector for connec-
tion to a cable delivering power, data, and cooling to a
splitter device for splitting the power, data, and cooling for
delivery to a plurality of remote communications devices
over a plurality of cables, each of the cables carrying the
power, data, and cooling, the remote communications
devices comprising sensors for monitoring the power, data,
and cooling, and a control system for receiving power, data,
and cooling information for the remote communications
devices and allocating the power, data, and cooling to the
remote communications devices.

Further understanding of the features and advantages of
the embodiments described herein may be realized by ref-
erence to the remaining portions of the specification and the
attached drawings.

Example Embodiments

The following description 1s presented to enable one of
ordinary skill in the art to make and use the embodiments.
Descriptions of specific embodiments and applications are
provided only as examples, and various modifications will
be readily apparent to those skilled in the art. The general
principles described herein may be applied to other appli-
cations without departing from the scope of the embodi-
ments. Thus, the embodiments are not to be limited to those
shown, but are to be accorded the widest scope consistent
with the principles and features described herein. For pur-
pose ol clarity, details relating to technical material that 1s
known 1n the technical fields related to the embodiments
have not been described 1n detail.

In conventional Power over Ethernet (PoE) systems used
to simultaneously transmit power and data commumnications,
power 1s delivered over the same twisted pair cable used for
data. These systems are limited 1n range to a few meters to
about 100 meters. The maximum power delivery capacity of
standard PoE 1s approximately 100 Watts, but many classes
of powered devices would benefit from power delivery of
1000 Watts or more. In conventional systems, when a larger
distance 1s needed, fiber optic cabling 1s used to deliver data
and when larger power delivery ratings are needed, power 1s
supplied to a remote device through a local power source.

As previously noted, 1t 1s desirable to increase the power
available over multi-function cables to hundreds and even
thousands of watts. This capability may enable many new
choices 1n network deployments where major devices such
as workgroup routers, multi-socket servers, large displays,
wireless access points, fog nodes, or other devices are
operated over multi-function cables. This capability would
greatly decrease installation complexity and improve the
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total cost of ownership of a much wider set of devices that
have their power and data connectivity needs met from a
central hub.

Beyond the data and power supply capabilities noted
above, there 1s also a need for cooling. For high-powered
devices, especially those with high thermal density packag-
ing or total dissipation over a few hundred Watts, traditional
convection cooling methods may be inadequate. This 1s
particularly apparent where special cooling challenges are
present, such as with a device that 1s sealed and cannot rely
on drawing outside air (e.g., all-season outdoor packaging),
a hermetically sealed device (e.g., used 1n food processing or
explosive environments), or where fan noise 1s a problem
(e.g., oilice or residential environments), or any combination
of the above along with extreme ambient temperature envi-
ronments. In these situations, complex and expensive spe-
cialized cooling systems are often used.

In order to overcome the above issues, PoE may be
augmented to allow it to carry higher data rates, higher
power delivery, and integrated thermal management cooling
combined into a single cable, as described, for example, 1n
U.S. patent application Ser. No. 15/910,203 (*“Combined
Power, Data, and Cooling Delivery in a Communications
Network™), filed Mar. 2, 2018, which 1s imncorporated herein
by reference in its entirety. These connections may be
point-to-point, such as from a central hub to one or more
remote devices (e.g., full hub and spoke layout). However,
there may be topologies 1in which it 1s difflicult, not conve-
nient, or meflicient to run power, data, and cooling cables
from every remote device all the way to the central hub. For
example, use of point-to-point architectures for combined
function cables may result 1n complex and expensive cable
systems due to the long, largely parallel cables that may be
routed along similar paths to serve clusters of remote
devices. I a single combined function cable could be run
most of the way to this cluster, and then split, significant
savings could be realized.

The embodiments described herein provide for splitting of
power, data, and cooling delivered over a combined cable. In
one or more embodiments, a single cable carries power, data,
and cooling from a central hub to a remote splitting device,
which directs a share of all three services to a plurality of
endpoint (remote) devices that utilize the services. This
allows for use of a single long combined cable from the
central hub to an intermediary location for subsequent
splitting of the combined power, data, and cooling and
delivery to multiple remote devices with short combined
cable runs. As described below, the central hub may deliver
power, data, and cooling over combined cables to a plurality
of intermediate hubs, which divide the power, data, and
cooling capabilities for delivery on combined cables 1n
communication with the remote communications devices.
The total length and cost of the cable needed to serve a
number of remote devices can be minimized through opti-
mal location of the distribution splitter physically near a
cluster of remote devices. The embodiments allow a com-
bined cable delivery network to go beyond a point-to-point
topology and form passive stars, busses, tapers, multi-layer
trees, and the like.

The splitting of combined delivery power, data, and
cooling may be particularly beneficial i1 the remote devices
are clustered 1n relatively high-density groupings served by
a comparatively long cable distance back to a central hub.
For example, the splitting of services may be beneficial
when there are many IoT sensors 1n close proximity to each
other but far away from the central hub, mn data centers
where a rack full of devices may be run over a shared cable
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4

hundreds of meters from the central infrastructure, residen-
tial or smart ceiling applications, IoT and server networks
such as Top of Rack (ToR) devices, manholes, ceiling
junction boxes, roadside cabinets, multi-unit apartment
buildings, or any other application 1n which 1t 1s advanta-
geous to have short cable runs from an intermediary device
to clustered remote devices. The remote branching topology
may greatly reduce large expenses in purchasing, mstalling,
and maintaining long individual cables to each device. As an
additional benefit, 1t 1s helptul 1f the splitting of the data,
power, and cooling 1s performed passively (i.e., not requir-
ing active elements such as data routers, power switching, or
active flow regulating components that complicate the inter-
mediary split point) since the splitter may be located in
inaccessible, environmentally hostile, or mechanically con-
strained places.

In one or more embodiments, a cable system, referred to
herein as PoE+Fiber+Cooling (PoE+F+C), provides high
power energy delivery, fiber delivered data, and cooling
within a single cable. The PoE+F+C system allows high
power devices to be located 1n remote locations, extreme
temperature environments, or noise sensitive environments,
with their cooling requirements met through the same cable
that carries data and power. The use of a single cable for all
interconnect features needed by a remote device greatly
simplifies installation and ongoing operation of the device.

Referring now to the drawings, and first to FIG. 1, an
example of a network in which embodiments described
herein may be implemented i1s shown. For simplification,
only a small number of nodes are shown. The embodiments
operate 1n the context of a data communications network
including multiple network devices. The network may
include any number of network devices 1n communication
via any number of nodes (e.g., routers, switches, gateways,
controllers, access points, or other network devices), which
facilitate passage of data within the network. The network
devices may communicate over or be in communication
with one or more networks (e.g., local area network (LAN),
metropolitan area network (MAN), wide area network
(WAN), virtual private network (VPN) (e.g., Ethernet virtual
private network (EVPN), layer 2 virtual private network
(L2ZVPN)), virtual local area network (VLAN), wireless
network, enterprise network, corporate network, data center,
Io'T network, optical network, Internet, intranet, or any other
network).

The network 1s configured to provide power (e.g., power
greater than 100 Watts), data (e.g., optical data), and cooling
from a central network device 10 to a plurality of remote
network devices 12 (e.g., switches, routers, servers, access
points, computer peripherals, IoT devices, fog nodes, or
other electronic components and devices) through one or
more splitter devices 13. Signals may be exchanged among
communications equipment and power transmitted from
power sourcing equipment (PSE) (e.g., central hub 10) to
powered devices (PDs) (e.g., remote communications
devices 12). The PoE+F+C system delivers power, data, and
cooling through one or more splitter devices 13, to a network
(e.g., switch/router system) configured to receive data,
power, and cooling over a cabling system comprising optical
fibers, electrical wires (e.g., copper wires), and coolant
tubes. The splitter 13 allows the network to go beyond
point-to-point topologies and build passive stars, busses,
tapers, multi-layer trees, etc. A single long PoE+F+C cable
14 runs to a conveniently located itermediary splitter
device 13 servicing a cluster of physically close endpoint
devices (remote network devices, remote communications
devices) 12. As described 1n detail below, control systems
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tor the power, data, and cooling interact between the central
hub 10 and the remote devices 12 to ensure that each device
receives 1ts fair share of each resource and that faults or
dangerous conditions are detected and managed.

As shown 1n the example of FIG. 1, the PoE+F+C splitter
system comprises the central hub 10 1n communication with
the remote devices 12 via the splitter device (distribution
splitter, passive splitter) 13. Cables 14 extend from the
central hub 10 to the splitters 13 and cables 17 extend from
the splitters to the remote network devices 12. Each cable
14, 17 1s configured for delivering power, data, and cooling.
The central hub 10 may be in communication with any
number of splitters 13, and each splitter may be 1n commu-
nication with any number of remote devices 12 for splitting,
services (power, data, cooling) any number of ways. For
example, the central hub 10 may serve anywhere from a few
remote devices 12 to hundreds of remote devices (or any
number in between) via one or more splitters 13. Also, as
described below, one or more of the splitters 13 may be 1n
communication with another splitter to provide layered
splitting.

The network may include any number or arrangement of
network communications devices (e.g., switches, access
points, routers, or other devices operable to route (switch,
torward) data communications). The remote devices 12 may
be located at distances greater than 100 meters (e.g., 1 km,
10 km, or any other distance) from the central hub 10, and/or
operate at greater power levels than 100 Watts (e.g., 250
Watts, 1000 Watts, or any other power level). The remote
devices 12 may also be 1n communication with one or more
other devices (e.g., fog node, IoT device, sensor, and the
like), as described below.

In one or more embodiments, a redundant central hub (not
shown) may provide backup or additional power, band-
width, or cooling, as needed i1n the network. Additional
combined cables 14 would run from the redundant central
hub to one or more of the splitter devices 13.

In the example shown 1 FIG. 1, the central hub 10
comprises a power supply unit (PSU) (power distribution
module) 15 for receiving power (e.g., building power from
a power grid, renewable energy source, generator, or bat-
tery), a network interface (e.g., fabric, line cards) 16 for
receiving data from or transmitting data to a network (e.g.,
Internet), and a heat exchanger 18 1n fluid communication
with a cooling plant (or other cooling source).

The central hub 10 may be operable to provide high
capacity power from an internal power system (e.g., PSU 135
capable of delivering power over and including 5 kW, 100
kW, etc., and driving the plurality of devices 12 in the
100-3000 W range). The PSU 15 may provide, for example,
PoE, pulsed power, DC power, or AC power. The central hub
10 (PSE (Power Sourcing Equipment)) 1s operable to receive
power external from a communications network and trans-
mit the power, along with data and cooling to the remote
network devices (PDs (Powered Devices)) 12 through the
splitters 13. The central hub 10 may comprise, for example,
a router, convergence device, or any other suitable network
device operable to deliver power, data, and cooling. As
described 1n detail below, the central hub 10 provides control
logic for the cooling loop, as well as the power and data
transport functions of the combined cable 14, 17. Additional
components and functions of the central hub 10 are
described below with respect to FIG. 2.

The splitter device 13 i1s operable to split the optical
energy N ways, split the power N ways, and split and
recombine coolant flows N ways, thereby splitting and
directing a portion of the data, power, and cooling (thermal
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management) capabilities supplied by the main cable 14
from the central hub 10, enabling the power, data, and,
cooling to be shared by a number of the remote devices 12.
The splitter 13 may be configured to provide any suitable
split ratio (e.g., 2:1 up to about 32:1). If the network contains
multiple splitters 13 as shown 1n FIG. 1, each splitter may
have the same or diflerent split ratio. All of the splitting may
occur 1 one place, or layers of splitting with different
lengths of cable between tiered layers may be used (e.g., for
performing a 32:1 split as a sequential tree of five layers of
2:1 splits, or a star-of-stars topology). If a multi-drop bus or
taper topology 1s used, special splitters 13 may be configured
to direct most of the power, coolant, and optical energy from
an mput port to a daisy-chain output port, with just a small
portion of the resources directed to a local drop port. This
may be used to support applications such as roadside fog
nodes, security cameras, light fixtures, or any other appli-
cation that has a natural bus or taper topology, for example.

In one or more embodiments, the splitter 13 1s a passive
device, requiring no active electronics, routers, valves, or
computer control. In an alternate embodiment, more
advanced splitting scenarios may place some intelligence
and active control elements 1n the intermediary splitter site.
For example, the splitter may be active with respect to
optical data and passive with respect to power and cooling.

As previously noted, cables 14 extending from the central
hub 10 to the splitter devices 13 and cables 17 extending
from the splitter devices to the remote network devices 12
are confligured to transmit power, data, and cooling 1n a
single cable (combined cable, multi-function cable, multi-
use cable, hybrid cable). The cables 14, 17 may be formed
from any material suitable to carry electrical power, data
(copper, fiber), and coolant (liquid, gas, or multi-phase) and
may carry any number of electrical wires, optical fibers, and
cooling tubes 1n any arrangement.

In the example shown 1n FIG. 1, a long stretch of the
combined cable 14 runs from the central hub 10 to the
splitter 13, at which the power, data, and cooling are split
and delivered to a plurality of the remote devices 12 over
cables 17, which are also configured to carry combined
power, data, and cooling. The long combined cable 14 may
extend, for example, several kilometers, or any other suit-
able length. The multiple outputs of the splitter 13 run
through short drop cables 17, which are shorter than the
combined cable 14 and may be, for example, a few meters
to a few hundred meters 1n length, or any other suitable
length. The short cables 17 carry their share of power, data,
and cooling and may be similar in construction to the long
combined cables 14. The cables 17 may also be smaller 1n
capacity and physical size than combined cable 14 to reduce
COsIs.

One or more of the remote network devices 12 may also
deliver power to equipment using PoE. For example, one or
more of the network devices 12 may deliver power using
PoE to electronic components such as IP (Internet Protocol)
cameras, VoIP (Voice over IP) phones, video cameras,
point-of-sale devices, security access control devices, resi-
dential devices, building automation devices, industrial
automation, factory equipment, lights (building lights,
streetlights), trathic signals, and many other electrical com-
ponents and devices.

In one embodiment, one or more of the network devices
12 may comprise dual-role power ports that may be selec-
tively configurable to operate as a PSE (Power Source
Equipment) port to provide power to a connected device or
as a PD (Powered Device) port to sink power from the
connected device, and enable the reversal of energy tlow
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under system control, as described i U.S. Pat. No. 9,531,
551 (*Dynamically Configurable Power-Over-Ethernet
Apparatus and Method”, 1ssued Dec. 27, 2016), for example.
The dual-role power ports may be PoE or PoE+F ports,
enabling them to negotiate their selection of either PoE or
higher power PoE+F 1n order to match the configuration of
the ports on line cards 16 with the corresponding ports on
cach remote network device 12, for example.

In one or more embodiments, there 1s no need for addi-
tional electrical wiring for the communications network and
all of the network communications devices operate using the
power provided by the PoE+F+C system. In other embodi-
ments, 1n addition to the remote communications devices 12
configured to receive power, data, and cooling from the
central hub 10, the network may also include one or more
network devices comprising conventional network devices
that only process and transmit data. These network devices
receive electrical power from a local power source such as
a wall outlet. Stmilarly, one or more network devices may
climinate the data interface, and only interconnect power
(e.g., moving data interconnection to wireless networks).
Also, one or more devices may be configured to receive only
power and data, or only power and cooling, for example.

It 1s to be understood that the network devices and
topology shown in FIG. 1 and described above are only
examples and the embodiments described herein may be
implemented i1n networks comprising different network
topologies or a different number, type, or arrangement of
network devices, without departing from the scope of the
embodiments. For example, the network may comprise any
number or type ol network communications devices that
facilitate passage of data over the network (e.g., routers,
switches, gateways, controllers), network elements that
operate as endpoints or hosts (e.g., servers, virtual machines,
clients), and any number of network sites or domains 1n
communication with any number of networks. Thus, net-
work nodes may be used 1n any suitable network topology,
which may include any number of servers, virtual machines,
switches, routers, or other nodes interconnected to form a
large and complex network, which may include cloud or fog
computing. For example, the PoE+F+C system may be used
in a fog node deployment in which computation, network-
ing, and storage are moved from the cloud to locations much
closer to IoT sensors and actuators. The fog nodes may
provide power to PoE devices such as streetlights, traflic
signals, 5G cells, access points, base stations, video cam-
eras, or any other electronic device serving a smart building,
smart city, or any other deployment.

FIG. 2 schematically illustrates delivery of the power,
data, and cooling through a PoOE+F+C system comprising the
central hub (central network device) 10, splitter device 13,
and a plurality of remote communications devices 12a, 125,
12¢, 1n accordance with one embodiment. As described 1n
detail below, the system further comprises distribution com-
ponents, momtoring components, and a control system.
Combined cable 14 transmits power, data, and cooling from
the central hub 10 to the splitter 13 and combined cables
17a, 17b, and 17c¢ deliver the power, data, and cooling from
the splitter to the remote devices (Remote Device 1 (12a),
Remote Device 2 (126), Remote Device N (12¢), respec-
tively). As previously described, the cable 14 1s longer than
the cables 17a, 175, 17¢. For simplification, a section of the
cable 14 1s removed from FIG. 2 (as indicated by the gap 1n
the cable).

The long combined cable 14 originates at the central hub
10 that provides utility services for the entire network of data
connectivity, power distribution, and cooling. The splitter
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(e.g., passive mtermediary distribution splitter) 13 1s located
near a physical center of a cluster of the remote devices 12a,
125, 12¢ and comprises three splitting elements (depicted by
circles (or pairs of circles) in FIG. 2). The splitting elements
comprise power splices 13a (for splitting power received
from power lines (wires) 26), an optical coupler 136 (for
splitting data received on fiber 27 and combining data
received from the remote devices 12a, 125, 12¢ (e.g., using
bidirectional fiber, as described below), and fluid manifolds
13c¢ (for splitting supply tlow received from coolant supply
tube 28a and combining return coolant flow from the remote
devices for delivery to the central hub 10 on coolant return
tube 28b). The splitter 13 splits the power, data, and cooling
N ways (e.g., 32 or any other number). In the example
shown 1n FIG. 2, the power, data, and cooling are split three
ways. The multiple outputs of the splitter 13 are run through
short cables 17a, 175, 17¢ (1.¢., shorter than cable 14 running
from central hub 10 to the splitter 13).

As shown 1n FIG. 2, the central hub 10 includes a power
distribution module 20 for receirving power from a power
orid, network interface 21 for receiving data from and
transmitting data to a network (e.g., Internet), and a heat
exchanger 22 for fluid communication with a cooling plant.
The power distribution module 20 provides power to power
supply modules 23 at the remote devices 12a, 12b, 12¢. The
network interface 21 at the central hub 10 1s 1n communi-
cation with the network interfaces 24 at the remote devices
12a, 1256, 12¢. The heat exchanger 22 at the central hub 10

forms a cooling loop with heat sinks 25 at the remote devices
12a, 12b, 12c.

In the example shown 1n FIG. 2, each cable 14, 17a, 175,
17¢ includes two power lines (conductors) 26, one data line
(optical fiber) 27, and two coolant tubes (supply 28a and
return 28b) coupled to connectors 29 located at the central
hub 10 and remote devices 12a, 125, 12¢. The splitter 13
may be connectorized or directly field terminate the com-
bined cables 14, 17a, 175, 17c.

In this example, a bidirectional optical system 1s utilized
with one wavelength of light going downstream and a
different wavelength of light going upstream, thereby reduc-
ing the fiber count in the cable from two to one (optical fiber
27 1n FIG. 2). The closed coolant loop 1s established through
the two coolant tubes 28a, 285 that share the same combined
cable jacket with the fiber 27 that provides bidirectional data
connectivity to the network and conductors 26 that provide
power from the power grid. It 1s to be understood that that
this 1s only an example and that the cables 14, 17a, 175, 17¢
may contain any number of power, data, or cooling lines.

In one or more embodiments, sensors 31a monitor the
current and voltage of the power delivery system at either
end of the power conductors 26. As described below, this
information may be used by the control system to adjust
power or coolant delivery to one or more of the remote
devices 12a, 1256, 12c.

The system further includes sensors 315 for measuring
critical die temperatures, coolant temperatures, pressures,
and flows within the cooling loop (e.g., at the central hub 10
and 1n each remote device 12a, 126, 12¢). In one or more
embodiments, the sensors 315 monitor aggregate and 1ndi-
vidual branch coolant temperatures, pressures, and flow rate
quantities at strategic points around the loop. In the example
shown 1n FIG. 2, a servo valve 39 1s located at the coolant
input to each of the remote devices 12a, 125, 12¢. One or
more valves 39 may be used to control the amount of cooling
delivered at the remote devices 12a, 12b, 12¢ based upon
their instantaneous needs, as described below.
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The central hub 10 with heat exchanger 22 maintains a
source of low-temperature coolant that 1s sent through
distribution plumbing (such as a mamiold), through the
connector 29, and down the cable’s coolant supply line 28a
to the remote devices 12a, 125, 12¢. The coolant may
comprise, for example, water, antifreeze, liquid or gaseous
reirigerants, or mixed-phase coolants (partially changing
from liquid to gas along the loop).

In an alternative embodiment, the heat exchanger may
just be a distribution manifold (1f the same physical coolant
1s used in the cooling plant as 1s transported 1n tubes 28a,
28b). The heat exchanger 1s needed 11 1solation 1s required,
or if there 1s a liquid to gas interface.

The connectors 29 at the remote devices 12a, 125, 12¢ are
coupled to the cables 17a, 175, or 17¢, respectively, and the
supply coolant 1s routed through elements 1nside the device
such as heat sinks (heat exchangers, cooling taps, heat pipes)
25 that remove heat. The warmed coolant may be aggregated
through a return manifold within device 12, and returned to
the central hub 10 from the device’s connector 29 and
through the return coolant tube 285 1n the cable 17a, 175,
17 ¢, fluid manifold in the splitter 13, and cable 14. The cable
14 returns the coolant to the central __’1ub 10, where the return
coolant passes through the heat exchanger 22 to remove the
heat from the coolant loop to an external cooling plant, and
the cycle repeats. The heat exchanger 22 may be a liquid-
to-liquid heat exchanger, with the heat transferred to chilled
water or a cooling tower circuit, for example. The heat
exchanger 22 may also be a liquid-to-air heat exchanger,
with fans provided to expel the waste heat to the atmosphere.
The hot coolant returning from the cable 14 may be moni-
tored by sensor 316 for temperature, pressure, and tlow.
Once the coolant has released its heat, 1t may pass back
through a pump 19 and sensor, and then sent back out on the
cooling loop. One or more variable-speed pumps 19 may be
provided at the central hub 10 (or remote devices 12a, 125,
12¢) to circulate the tfluid around the cooling loop.

In an alternate embodiment, only a single coolant tube 1s
provided within the cables 14, 17a, 17b, 17¢ and high
pressure air (e.g., supplied by a central compressor with an
intercooler) 1s used as the coolant. When the air enters the
remote device, it 1s allowed to expand and/or impinge
directly on heat dissipating elements inside the device.
Cooling may be accomplished by forced convection via the
mass flow of the air and additional temperature reduction
may be provided via a Joule-Thomson effect as the high
pressure air expands to atmospheric pressure. Once the air
has completed 1ts cooling tasks, 1t can be exhausted to the
atmosphere outside the remote device via a series of check
valves and muifllers (not shown).

In cold environments the coolant may be supplied above
ambient temperature to warm the remote devices 12a, 125,
12¢. This may be valuable where the remote devices 124,
126, 12¢ are located in cold climates or in cold parts of
industnal plants, and the devices have cold-sensitive com-
ponents such as optics or disk drives. This may be more
energy efhicient than providing electric heaters at each
device, as 1s used 1n conventional systems.

The central hub 10 may also include one or more support
systems to filter the coolant, supply fresh coolant, adjust
anti-corrosion chemicals, bleed air from the loops, or fill and

drain loops as needed for installation and maintenance of
cables 14, 17a, 175, 17¢ and remote devices 12a, 1256, 12¢.

The connectors 29 at the central hub 10 and remote
devices 12a, 126, 12¢ (and similar connectors optionally
equipped at the splitter 13) are configured to mate with the
cables 14, 17a, 17b, 17¢ for transmitting and receiving
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combined power, data, and cooling. In one embodiment, the
connectors 29 carry power, fiber, and coolant in the same
connector body. The connectors 29 are preferably configured
to mate and de-mate (couple, uncouple) easily by hand or
robotic manipulator.

In order to prevent coolant leakage when the cables 14,
17a, 17b, 17¢ are uncoupled from the central hub 10 or
remote devices 12a, 125, 12¢, the coolant lines 284, 285 and
connectors 29 preferably include valves (not shown) that
automatically shut ofl tlow into and out of the cable, and into
and out of the device or hub. In one or more embodiments,
the connector 29 may be configured to allow connection
sequencing and feedback to occur. For example, electrical
connections may not be made until a verified sealed coolant
loop 1s established. The cable connectors 29 may also
include visual or tactile evidence of whether a line 1s
pressurized, thereby reducing the possibility of user instal-
lation or maintenance errors.

In one or more embodiments, a distributed control system
comprising components located on the central hub’s con-
troller and on the remote device’s processor may commu-
nicate over the fiber link 27 1n the combined cables 14, 174,
176, 17c. Control systems for all three utilities interact
between the remote devices 12a, 125, 12¢ and the central
hub 10 to ensure that each remote device receives its fair
share of power, data, and cooling. For example, the cooling
loop sensors 315 at the central hub 10 and remote devices
12a, 125, 12¢ may be used 1n the control system to monitor
temperature, pressure, flow, or any combination thereof. The
servo valves 39 or vanable speed pump 19 may be used to
isure the rate of coolant flow matches requirements of the
remote thermal loads. Monitoring information from power
sensors 3la (e.g., current, voltage) or data usage (e.g.,
bandwidth, bufler/queue size) may also be used by the
control system 1n managing cooling at the remote devices
12a, 125, 12¢. The control system also uses the monitoring,
information to allocate power and data, as described 1n detail
below.

Machine learning may be used within the control system
to compensate for the potentially long response times
between when coolant flow rates change and the remote
device’s temperatures react to the change. The output of a
control algorithm may be used to adjust the pumps 19 to
move the correct volume of coolant to the devices 12a, 125,
12¢, and may also be used to adjust coolant valve settings
within the remote devices to control the split ratio of coolant
between remote devices 12a, 125, 12¢, and to direct different
portions of the coolant to dlﬁerent internal heat sinks within
cach device to properly balance the use of coolant among a
plurality of thermal loads.

The control system may also include one or more safety
features. In one or more embodiments, the control system
may be operable to monitor for abnormal or emergency
conditions among power, data, or cooling, and react by
adjusting power, data, or cooling to respond to the condition.
For example, the control system may instantly stop the
coolant tlow and begin a purge cycle if the coolant tflow
leaving the central hub 10 does not closely match the tlow
received at the remote devices 12a, 126, 12¢, or the flow
returned to the hub, which may indicate a leak 1n the system.
The control system may also shut down one or more of the
remote devices 12a, 126, 12¢ 11 an internal temperature
exceeds a predetermined high limit or open relief valves 1f
pressure limits in the coolant loop are exceeded. The control
system may also use 1ts sensors 315 and machine learning
algorithms to predictively detect problems in the cooling
system, such as a pressure rise caused by a kink 1n the cables
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14, 17a, 17b, 17c, reduction 1n thermal transfer caused by
corrosion of heat sinks, or impending bearing failure in
pump 19, before they become serious.

All three utilities (power, data, cooling) provided by the
combined cables 14, 17a, 17b, 17¢ may interact with the
control system to keep the system safe and eflicient. For
example, the power sensors 31a located 1n the power dis-
tribution module 20 of the central hub and power supply 23
of the remote devices 12a, 125, 12¢ may provide input to the
control system for use in modifying cooling delivery or
power allocation. Initial system modeling and characteriza-
tion may be used to provide expected power, tlow properties,
and thermal performance operating envelopes, which may
provide an mitial configuration for new devices and a
reference for setting system warning and shut-down limaits.
This mnitial characteristic envelope may be improved and
fine-tuned over time heuristically through machine learning
and other techmques. For example, 1f the system detects
additional power flow 1n power conductors 26 (e.g., due to
a sudden load increase 1n the CPU (Central Processing Unit)
in one of the remote devices 12a, 125, 12¢), the control
system may proactively increase coolant flow 1n anticipation
of an mmpending increase 1n heat sink temperature even
betfore the temperature sensors 315 register 1t. This interlock
between the various sensors 31a, 315, control systems, and
actuators such as pump 19 and valves 39 help to improve the
overall responsivity and stability of the complete system.

In one or more embodiments, the central hub 10 may
utilize control algorithms that know what proportion of
bandwidth and power are being used by each of the remote
devices 12a, 125, 12¢, and use this data to predict 1ts energy
and cooling needs. This may be used to ensure that the
cooling and power capabilities remain 1n balance for each of
the remote device’s needs, and also are fairly allocated
across the network. As previously noted, machine learning
techniques may be employed to automatically establish
system characteristic response times, thereby improving
power and cooling control loops heuristically over time.

Additional details of splitting, monitoring, and controlling
(managing, allocating) the power, data, and cooling and the
control system are described further below with respect to
FIGS. 4, 5, and 6.

As previously noted, the cables 14, 17q, 175, 17¢ may
comprise various configurations of power conductors, opti-
cal fiber, and coolant tubes. These components, along with
one or more additional components that may be used to
1solate selected elements from each other, manage thermal
conductivity between the elements, provide thermal paths,
or provide protection and strength, are contained within an
outer jacket of the cable. The coolant tubes may have various
cross-sectional shapes and arrangements, which may yield
more space and thermally eflicient cables. Supply and return
tube wall matenial thermal conductivity may be adjusted to
optimize overall system cooling.

The cable may also be configured to prevent heat loss
through supply-return tube-tube conduction, external envi-
ronment conduction, coolant tube-power conduction, or any
combination of these or other conditions. For example, a
thermal 1solation material may be located between coolant
tubes to prevent heat loss. The thermal 1solation maternal
may also be placed between the coolant tubes and the outer
jacket. In another embodiment, one or both coolant tubes
may be provided with a low thermal impedance path to the
outside. Thermal paths may also be provided between the
power conductors and one of the coolant tubes to use some
of the cooling power of the loop to keep the power conduc-
tors 1n the cables cool.
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In one or more embodiments, in order to reduce fluid
frictional eflects, tube interiors may be treated with hydro-
phobic coatings and the coolant may include surfactants.
Also, the supply and return coolant tubes may be composed
ol materials having different conductive properties so that
the complete cable assembly may be thermally tuned to
enhance system performance. It 1s to be understood that the
configuration, arrangement, and number of power wires,
optical fibers, coolant tubes, and 1nsulation regions, shields,
coatings, or layers described herein are only examples and
that other configurations or arrangements may be used
without departing from the scope of the embodiments.

FIG. 3 illustrates an example of a network device 30 (e.g.,
central hub 10, remote devices 12 1n FIG. 1) that may be
used to implement the embodiments described herein. In one
embodiment, the network device 30 1s a programmable
machine that may be implemented in hardware, software, or
any combination thereof.

The network device 30 includes one or more processors
32, control system 33, memory 34, cooling components
(pumps, valves, sensors) 35, and interfaces (electrical, opti-
cal, fluid) 36. In one or more embodiments, the network
device 30 may include a PoE+F+C (or PoE+F) optical
module 38 (e.g., optical module configured for receiving
power Irom power supply 37 and data).

The network device 30 may include any number of
processors 32 (e.g., single or multi-processor computing
device or system), which may communicate with a forward-
ing engine or packet forwarder operable to process a packet
or packet header. The processor 32 may receive instructions
from a soiftware application or module, which causes the
processor to perform functions of one or more embodiments
described herein. The processor 32 may also operate one or
more components of the control system 33. The control
system (controller) 33 may comprise components (modules,
code, software, logic) located at the central hub 10 and the
remote device 12, and interconnected through the combined

cable 14, 17 (FIGS. 1 and 3). The cooling components 35

may include any number of sensors (power, data, or cooling
(thermal, pressure, flow)) within the power distribution

system, data network, or cooling loop to provide input to the
control system 33. The control system 33 may also receive
iput from power sensors or data monitoring devices, as
described below.

Memory 34 may be a volatile memory or non-volatile
storage, which stores various applications, operating sys-
tems, modules, and data for execution and use by the
processor 32. For example, components of the optical mod-
ule 38, control logic for cooling components 33, or other
parts ol the control system 33 (e.g., code, logic, or firmware,
etc.) may be stored in the memory 34. The network device
30 may include any number of memory components.

Logic may be encoded 1n one or more tangible media for
execution by the processor 32. For example, the processor
32 may execute code stored in a computer-readable medium
such as memory 34. The computer-readable medium may
be, for example, electronic (e.g., RAM (random access
memory), ROM (read-only memory), EPROM (erasable
programmable read-only memory)), magnetic, optical (e.g.,
CD, DVD), electromagnetic, semiconductor technology, or
any other suitable medium. In one example, the computer-
readable medium comprises a non-transitory computer-read-
able medium. Logic may be used to perform one or more
functions described below with respect to the flowcharts of
FIGS. 7 and 8 or other functions such as power level
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negotiations, safety subsystems, or thermal control, as
described herein. The network device 30 may include any
number of processors 32.

The interfaces 36 may comprise any number of interfaces
(e.g., power, data, and fluid connectors, line cards, ports,
combined power, data, and cooling connectors) for receiving
power, data, and cooling, or transmitting power, data, and
cooling to other devices. A network interface may be con-
figured to transmit or recerve data using a variety of different
communications protocols and may include mechanical,
clectrical, and signaling circuitry for communicating data
over physical links coupled to the network or wireless

interfaces. One or more of the interfaces 36 may be config-
ured for PoE+F+C, PoE+F, PoE, PoF (Power over Fiber), or

similar operation.

The optical module 38 may comprise hardware or soft-
ware for use 1n power detection, power monitor and control,
or power enable/disable, as described below. The optical
module 38 may further comprise one or more of the pro-
cessor or memory components, or interface for receiving
power and optical data from the cable at a fiber connector,
for delivering power and signal data to the network device,
or transmitting control signals to the power source, for
example. Power may be supplied to the optical module by
the power supply 37 and the optical module (e.g., PoOE+F,
PoE+F+C optical module) 38 may provide power to the rest
of the components at the network device 30.

In one embodiment, the optical module 38 comprises an
optical transceiver (optical module, optical device, optics
module, transceiver, silicon photonics optical transceiver)
configured to source or receive power and data, as described
in U.S. patent application Ser. No. 15/707,976 (“Power
Delivery Through an Optical System”, filed Sep. 18, 2017),
incorporated herein by reference 1n its enftirety. The trans-
ceiver modules operate as an engine that bidirectionally
converts optical signals to electrical signals or 1n general as
an interface to the network element copper wire or optical
fiber. In one or more embodiments, the optical transceiver
may be a pluggable transceiver module 1n any form factor
(e.g., SFP (Small Form-Factor Pluggable), QSFP (Quad
Small Form-Factor Pluggable), CFP (C Form-Factor Plug-
gable), and the like), and may support data rates up to 400
Gbps, for example. Hosts for these pluggable optical mod-
ules include line cards on the central hub 10 or network
devices 12 (FIG. 1). The host may include a printed circuit
board (PCB) and electronic components and circuits oper-
able to 1nterface telecommunications lines 1n a telecommu-
nications network. The host may be configured to perform
one or more operations and recerve any number or type of
pluggable transceiver modules configured for transmitting,
and receiving signals.

The optical transceiver may also be configured for opera-
tion with AOC (Active Optical Cable) and form factors used
in UWB (Ultra-Wideband) applications, including {for
example, Ultra HDMI (High-Definition Multimedia Inter-
tace), serial high bandwidth cables (e.g., thunderbolt), and
other form factors. Also, it may be noted that the optical
transceivers may be configured for operation in point-to-
multipoint or multipoint-to-point topology. For example,
QFSP may breakout to SFP+. One or more embodiments
may be configured to allow for load shifting.

It 15 to be understood that the network device 30 shown in
FIG. 3 and described above 1s only an example and that
different configurations of network devices may be used. For
example, the network device 30 may further include any
suitable combination of hardware, soiftware, algorithms,
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processors, devices, components, or elements operable to
facilitate the capabilities described herein.

FIGS. 4, 5, and 6 illustrate details of the control system
with respect to power, data, and cooling, respectively. As
described below, the control system monitors and allocates
power, data, and cooling based on calculations that take nto
account interactions between power, data, and cooling for
cach device and also the complex interactions and potential
instabilities between remote devices sharing a common
cable. Thus, even though the interactions between the con-
trol system for power, data, and cooling are shown and
described separately below, 1t 1s to be understood that the
control system may take into account the usage of power and
data and the thermal conditions at the devices when making
allocation decisions for power, data, or cooling.

FIG. 4 1s a block diagram 1llustrating power monitoring,
and control at a central hub 40 and remote device 42, in
accordance with one embodiment. For simplification, only
one remote device 42 1s shown downstream of splitter 43
and only power and data are shown. It 1s to be understood
that the power and data are delivered together along with
cooling in a combined cable, as described above with respect
to FIGS. 1 and 2. In one embodiment, the splitter 43
comprises one or more passive power splitters (e.g., using
IDCs (Insulation Displacement Connectors), terminal
blocks, or wirenuts, for example). The central hub 40
includes a power distribution system 44 1n communication
with a control system 45. The control system 43 receives
input from the remote device 42 via the data network (e.g.,
control signaling provided via optical fiber data path). As
described below, system components provide for commu-
nication with the power source (power distribution system)
44 during power up of the powered device 42 and may also
provide fault protection and detection.

The remote network device 42 includes optical/electrical
components 49 for recerving optical data and converting 1t
to electrical signals (or converting electrical signals to
optical data) and power components including power detec-
tion module 46, power monitor and control unit 47, and
power enable/disable module 48. The power components 46,
4’7, 48 may be 1solated from the optical components 49 via
an 1solation component (e.g., 1solation material or element),
which electromagnetically 1solates the power circuit from
the optical components to prevent interference with opera-
tion of the optics.

In one or more embodiments, the electrical distribution
system 44 comprises a pulsed power system set up with an
interleave pattern, where each packet of energy 41 1is
directed to a different remote device, repeating after N
packets. EFach of the remote devices 42 receive all power
packets from the combined cable, but only draw energy from
the specific packets as needed and negotiated with a central
energy manager (control system 43 at central hub 40), and
would appear as a suitably high impedance load for all other
packets. The remote devices 42 that need more energy than
others have more power timeslots allocated to them 1n the
interleave frame. As the remote device’s power demands
increase, 1ts local energy reserves (e.g., hold up capacitor 1n
its power supply 23 (FIG. 2)) that are constantly replenished
by the flowing power packets 41 falls below a threshold
level, and a message (packet 31) requesting more power
timeslots 1s sent up the data channel (FIG. 4). If the local
energy reserves are too high, a message requesting fewer
power timeslots 1s sent.

In one embodiment, the system 1s integrated with an
SMPS (Switched-Mode Power Supply) 1n a first stage power
converter/isolator/pre-regulator 1n each remote device 42. If
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the remote device 42 needs more or less energy, 1t notifies
the central hub 40 via the data network (power message 51),
and the interleave pattern 1s dynamically tailored as needed.

The power detection module 46 may detect power, ener-
gize the optical components 49, and return a status message
(packet 56 on optical channel) to the central hub 40. In one
embodiment, power 1s not enabled by the power enable/
disable module 48 until the optical transceiver and the
source have determined that the device 1s properly con-
nected and the remote device 42 to be powered 1s ready to
be powered. In one embodiment, the remote device 42 1s
configured to calculate available power and prevent the
cabling system from being energized when it should not be
powered (e.g., during a cooling failure). The power detec-
tion module 46 may also be operable to detect the type of
power applied to the remote device 42, determine 1f PoE or
pulsed power 1s a more eflicient power delivery method, and
then use the selected power delivery mode. Additional
modes may support other power+data standards (e.g., USB
(Unmiversal Serial Bus)).

The power monitor and control module 47 continuously
monitors power delivery to ensure that the system can
support the needed power delivery, and no safety limits (e.g.,
voltage, current, ground fault current, arc flash) are
exceeded. The power monitor and control device 47 may
also monitor optical signaling and disable power 1f there 1s
a lack of optical transitions or communication with the
power source. Temperature, pressure, or flow sensors (de-
scribed below with respect to FIG. 6) may also provide input
to the power monitor and control module 47 so that power
may be disabled 1f the temperature at the remote device 42
exceeds a specified limit, or 1f coolant flow 1s madequate.
The power monitor and control module 47 may monitor
power or collect power information from one or more
sensors at the remote device, and send power imnformation
(e.g., current, voltage) (packet 56) to the control system 45
at the central network device 40. As described below, the
power information may also be used by the control system
45 to determine cooling needs at the remote device 42.

FIG. 5§ 1s a block diagram 1llustrating splitting of optical
data at a splitter 53 1n communication with a central hub 50
and a plurality of remote communications devices 52 (Re-
mote Device 1, Remote Device 2, Remote Device N), in
accordance with one embodiment. For simplification, the
other services on the combined cable (power, cooling) are
not shown 1n FIG. 5. The fiber optic splitter 53 1s used to
enable a single optical fiber 57 to serve multiple end points
52. The splitter 53 replicates traflic downstream to the
remote devices 52 and combines end user traflic in the
upstream direction (from remote devices 32 to central hub
50). For the optical data channel, different upstream and
downstream timeslots are used by each remote device (indi-
cated by packets 54), with devices needing more bandwidth
using more timeslots, similar to operation of PONs (Passive
Optical Networks). An alternate embodiment may assign
one or more distinct optical wavelengths to each remote
device 52, which are split and combined by splitter 53.

As the workload on a specific device 52 changes, its
transmit bullers (e.g., at queue 39) feeding the upstream data
channel, and the downstream buflers on the central hub 50
will fill and empty. A central controller 35 1n the central
network device 50 monitors the buflers for all remote
devices 52, and the network adjusts rapidly by allocating
more or less bandwidth by dedicating more or fewer
timeslots on the network to each remote device 52. In one
embodiment, a MAC (Media Access Control) protocol
dynamically allocates portions of downstream bandwidth
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between the remote devices 52 and manages the timing of
the upstream packets so that they interleave without inter-
ference. As shown in FIG. 5, data monitoring information

(queue size, buller status, bandwidth) 1s sent to the central
hub 50 1n packet 58 on the combined cable. The bandwidth

information may also be used by the control system to
determine energy and cooling needs at the remote devices
52, as bandwidth usage can be a good predictive indicator of
computational load, and therefore future power and cooling
demands on each remote device 32.

FIG. 6 1s a block diagram illustrating a coolant loop 68
delivering coolant from central hub 60 to remote device 62,
in accordance with one embodiment. In the simplified
example shown 1n FIG. 6, only coolant lines (supply and
return) are shown. As previously described, the coolant
supply and return lines are contained 1n the combined cable
with the power and data lines. A splitter 63 splits the coolant
supply among a plurality of remote devices 62 and combines
return coolant from the remote devices (additional supply
and return lines at splitter 63 indicated by dashed lines).

The coolant loop 68 comprises a continuous loop of fluid
from the central hub 60, through the splitter 63 and the
remote devices 62, and back through splitter 63 to the central
hub. In this example, the passive distribution splitter 63
comprises two fluid manifolds 63a, 635 for coolant supply
and return, respectively. As described above, the distribution
splitter 63 splits and recombines coolant flows (e.g., using
1:N and N:1 fluid distribution manifolds). If the system uses
compressed air as a coolant, which 1s exhausted to the
atmosphere at each remote device 62, only the supply
manifold 63a 1s used.

Cooling 1s supplied to the device 62 via cooling (coolant)
tubes in the cooling (coolant) loop 68, which provide
cooling to the powered equipment through a heat exchanger
(cooling tap, heat sink) 69 and returns warm (hot) coolant to
the central hub 60. A heat exchanger 67 at the central hub 60
forms the cooling loop 68 with one or more heat exchangers
69 at the remote device 62. For the cooling tlows, there may
be one or more valves (e.g., servo valve) 70 at the coolant
input to each remote device 62. As described below, the
control system may adjust coolant valve settings to adjust
the coolant flow at one or more of the remote devices.

Distribution plumbing routes the coolant in the cooling
loop 68 to various thermal control elements within the
network device 62 to actively regulate cooling through the
individual flow paths. The remote device 62 may also
include any number of distribution manifolds (not shown)
with any number of outputs to route the coolant to one or
more heat exchangers. If the manifold has multiple outputs,
cach may be equipped with a valve 70 to regulate the
individual flow paths (e.g., adjust coolant valve settings).
The distribution manifold may comprise any number of
individual manifolds (e.g., supply and return manifolds) to
provide any number of cooling branches directed to one or
more components within the remote device 62.

Thermal control elements may include liquid cooled
heatsinks, heat pipes, or other devices directly attached to
the hottest components (e.g., CPUs (Central Processing
Units), GPUs (Graphic Processing Units), power supplies,
optical components, etc.) to directly remove their heat. The
remote device 62 may also include channels in cold plates or
in walls of the device’s enclosure to cool anything they
contact. Air to liquid heat exchangers, which may be aug-
mented by a small internal fan, may be provided to cool the
air mside a sealed box. Once the coolant passes through
these elements and removes the device’s heat, 1t may pass
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through additional temperature, pressure, or tlow sensors,
through another manifold, and out to the coolant return tube.

The coolant loop 68 at the remote device 62 may also
include one more pumps (not shown) to help drive the
coolant around the cooling loop or back to the central hub 60
or valves 70 to control flow 1n one or more branches of the
cooling loop. The pump and valve 70 may be controlled by
the control system 66 and operate based on control logic
(message 72) received from the central hub 60 1n response
to momitoring at the remote device 62. The flow may be set
by an active feedback loop that senses the temperature of a
critical thermal load (e.g., the die temperature of a high
power semiconductor) and continuously adjusts the flow 1n
the loop that serves its heat exchanger 69.

The cooling loop 68 within the remote device 62 may
include any number of sensors 71 for monitoring aggregate
and 1ndividual branch temperature, pressure, and tlow rate at
strategic points around the loop (e.g., entering and leaving
the device, at critical component locations). The remote
device 62 may include, for example, temperature sensors to
monitor die temperatures of critical semiconductors, tem-
peratures of critical components (e.g., optical modules, disk
drives), coolant temperatures, or the air temperature inside a
device’s sealed enclosure. The sensors 71 may also be used
to check that the remote devices 62 receirve approximately
the same amount of coolant as supplied by the central hub
60 to help detect leaks or blockage 1n the cable, and confirm
that the temperature and pressure are within specified limaits.
I1, for example, a remote device’s main CPU 1s runming too
hot, a message may be transmitted through the data channel
requesting more coolant flow for the device 62. If the remote
device 62 i1s cooler than required, a message to reduce
coolant flow may be sent to economize on the total cooling
used 1n the network. The control system may adjust the
coolant flow to maintain a set point temperature. This
teedback system insures the correct coolant flow 1s always
present. Too much coolant flow wastes energy, while too
little coolant flow may cause critical components 1n the
remote devices 62 to overheat and prematurely fail.

As shown 1 the example of FIG. 6, the central hub 60
includes a control system 65 that receives input from sensors
71, 74 at the remote device 62 and the central hub, and may
provide input to a pump 64 to control the flow of coolant in
the cooling loop 68. The control system 65 also receives
iput from a momtor and control system 66 located at the
remote device 62 via the data network (cooling data 73) over
the optical fiber. As previously described, power and data
usage at the remote devices 62 (as sensed and monitored by
clements shown 1 FIGS. 4 and 5) may also be used by the
control system 65 1n allocating cooling to the remote
devices. The settings of coolant valves 70 on all remote
devices 62 are coordinated and controlled by the central hub
60, such that the pressures and flows to each remote device
are carefully regulated and balanced so that each remote
device recerves an adequate share of the cable’s total cooling
capacity to keep its internal components at a sale tempera-
ture. For example, the coolant valves 70 may be tully open,
partially closed, or adjusted at various flow settings to vary
the flow of coolant at each device. The valves 70 at each of
the remote devices 62 may be adjusted as soon as the cooling
load on each device changes. The overall cooling power of
the loop 68 may be regulated by the speed of the common
pump 64 that circulates coolant for use by all of the remote
devices 62.

It 1s to be understood that the network devices and control
systems shown 1n FIGS. 4, 5, and 6 and described herein are
only examples and that the network devices and control
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systems may include different components or arrangement
of components, without departing from the scope of the
embodiments. For example, the cooling system may include
any number of pumps, manifolds, valves, heat sinks, heat
exchangers, or sensors located 1n various locations within
the coolant loop or arranged to cool various elements or
portions of the device. Also, the network device may include
any number of power sensors or control modules operable to
communicate with the control system at the central hub to
optimize power delivery and cooling at the network device.
The network device may also comprise any number of
queues or buflers for storing data and monitoring systems
operable to monitor bullers or queue size to 1dentily band-
width requirements.

As described above with respect to FIGS. 4, 5, and 6, the
central hub’s control processor (control system 435, 55, 65)
plays an important role in the coordination of data, power
and cooling for all remote devices. The central hub periodi-
cally (e.g., at least tens of times per second or any other
suitable interval) receives multiple sensor readings associ-
ated with all N remote devices served by the combined
distribution cable. These readings may include, for example,
current and voltage measurements at both the hub and
remote devices for the power, transmit and receive queue
s1izes for the data channel, and temperature, pressure, and
flow readings at both ends of the coolant distribution tubes.
The controller performs detailed control loop calculations to
determine set-points (settings) for the various control actua-
tors (pumps, valves, power control device (timeslot alloca-
tion), bandwidth controller (bandwidth allocation)) in the
system. These calculations may be assisted through the use
of artificial intelligence or machine learning techniques, as
previously described. The calculations also take into account
the many interactions between data, power, and cooling for
cach of the remote devices, and also the complex interac-
tions and potential instabilities between devices sharing a
loop. The results of the calculations actuate control devices
in the distribution system operable to recalculate the inter-
leave pattern for power packets 41 (FIG. 4), recalculate the
passive optical network timeslot allocation 54 (FIG. §), or
modily the coolant pump 64 and valve 70 setting (FI1G. 6) for
one or more of the remote devices. The data channel creates
closed-loop communication paths between the sensors, cen-
tral control algorithms, and actuators.

FIG. 7 1s a flowchart illustrating an overview of a process
for splitting delivery of combined power, data, and cooling
In a communications network, in accordance with one
embodiment. At step 76, the central network device 10
delivers power, data, and cooling on the combined cable 14
to the splitter device 13 for splitting and transmitting the
power, data, and cooling to the plurality of remote commu-
nications devices 12 over the combined cables 17 (FIGS. 1
and 7). The central network device 10 receives monitoring
information from the remote communications devices 12 on
the cable 14 (step 77). The central network device 10
processes the monitoring information and allocates power,
data, and cooling to each of the remote communications
devices 10 (step 78). As previously described, the monitor-
ing information comprises data collected at the remote
devices 12 and may include, for example, voltage and
current for power, bandwidth or queue size for data, and
temperature, pressure, and flow rate for cooling.

FIG. 8 1s a flowchart illustrating an overview of a process
for modilying settings for power, data, and cooling received
through a splitter at a communications device, 1n accordance
with one embodiment. At step 80, the communications
device 12 receives power, data, and cooling from the splitter




US 10,631,443 B2

19

13 on the combined cable 17 (FIGS. 1 and 8). The commu-
nications device 12 monitors power, data, and cooling and
transmits the information to the central network device 10
(step 82). At least one of power, data, and cooling settings
are modified 1n response to a control system message from
the central network device allocating the power, data, and
cooling to the communications devices (step 84). The con-
trol system message may be used to dynamically modify
settings at the central hub 10, remote communications
device 12, or both the central hub and one or more of the
remote communications devices. The settings include, for
example, cooling valve settings, power interleave pattern, or
timeslots to change the bandwidth allocation.

It 1s to be understood that the processes shown 1 FIGS.
7 and 8 are only examples and that steps may be added,
removed, combined, or modified, without departing from the
scope of the embodiments.

Although the method and apparatus have been described
in accordance with the embodiments shown, one of ordinary
skill 1n the art will readily recogmize that there could be
variations made to the embodiments without departing from
the scope of the embodiments. Accordingly, it 1s itended
that all matter contained in the above description and shown
in the accompanying drawings shall be interpreted as 1llus-
trative and not 1n a limiting sense.

What 1s claimed 1s:

1. A method comprising;

delivering power, data, and cooling on a cable from a

central network device to a remote splitter device for
splitting and transmitting said power, data, and cooling
to a plurality of remote communications devices over a
plurality of cables, each of the cables carrying said
power, data, and cooling;

receiving at the central network device, monitoring infor-

mation from said plurality of remote communications
devices on the cable; and

processing said monitoring information and allocating

said power, data, and cooling to each of said plurality
of remote communications devices based on said moni-
toring information, wherein allocating said power, data,
and cooling comprises transmitting a message from the
central network device to a controller at one of said
plurality of remote communications devices to adjust
power, data, or cooling usage;

wherein the cables each comprise a power line for deliv-

ering power, a data line for transmitting fiber delivered
data, and a coolant tube for carrying coolant.

2. The method of claim 1 wherein said monitoring infor-
mation comprises power and thermal data.

3. The method of claim 1 wherein said monitoring infor-
mation comprises at least one of current and voltage for
power, queue size for data, and temperature, pressure, or
flow for cooling.

4. The method of claim 1 wherein allocating said power,
data, and cooling comprises adjusting delivery of at least one
of power, data, and cooling to one of said plurality of remote
communications device.

5. The method of claim 1 wherein allocating said power,
data, and cooling comprises recalculating an interleave
pattern for power packets based on power measurements at
said plurality of remote communications devices.

6. The method of claim 1 wherein allocating said power,
data, and cooling comprises adjusting a timeslot allocation
for data based on queue sizes at said plurality of remote
communications devices.

7. The method of claim 1 wherein allocating delivery of

said power, data, and cooling comprises modifying a cooling
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valve or pump setting based on cooling monitoring at said
plurality of remote communications devices.

8. The method of claim 1 wherein said monitoring infor-
mation comprises power and fluid information at the central
network device and said plurality of remote communications
devices and wherein allocating said power, data, and cooling
comprises adjusting delivery of cooling based on said power
and fluid information.

9. The method of claim 1 wherein allocating said power,
data, and cooling comprises balancing needs of said plural-
ity of remote communications devices at a control system of
the central network device.

10. The method of claim 1 further comprising delivering
said power, data, and cooling from the central network
device to a plurality of splitter devices, each of the splitter
devices 1n communication with a cluster of said remote
communications devices.

11. The method of claim 1 wherein allocating said power,
data, and cooling comprises allocating based on machine
learning using said monitoring information.

12. The method of claim 1 wherein the splitter device
comprises a passive splitter device.

13. The method of claim 1 further comprising identifying
an abnormal condition i1n power, data, or cooling, and
adjusting said power, data, or cooling in response to said
identified abnormal condition.

14. The method of claim 1 wherein receiving said moni-
toring information comprises receiving said monitoring
information on a bidirectional optical fiber delivering data
on the cable.

15. A method comprising:

recerving at a communications device, power, data, and
cooling from a remote splitter device receiving said
power, data, and cooling on a combined cable from a
central network device and splitting said power, data,
and cooling among a plurality of communications
devices:

monitoring said power, data, and cooling at the commu-
nications device;

transmitting monitoring information to the central net-
work device through the splitter device and on the
combined cable; and

modifying at least one of power, data, and cooling settings
in response to a control system message from the
central network device allocating said power, data, and
cooling to the communications devices;

wherein the combined cable comprises a power line for
delivering power, a data line for transmitting fiber
delivered data, and a coolant tube for carrying coolant.

16. The method of claim 15 wheremn said monitoring
information comprises current and voltage for power, tem-
perature, pressure, and tlow for cooling, and queue size for
data, said momitoring information transmitted over a bidi-
rectional optical fiber in the combined cable.

17. A system comprising:

a central network device comprising a connector for
connection to a cable delivering power, data, and
cooling to a remote splitter device for splitting said
power, data, and cooling for delivery to a plurality of
remote communications devices over a plurality of
cables, each of the cables carrying said power, data, and
cooling;

said plurality of remote communications devices com-
prising sensors for monitoring said power, data, and
cooling; and

a control system for receiving power, data, and cooling
information for said plurality of remote communica-
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tions devices and allocating said power, data, and
cooling to said plurality of remote communications
devices, wherein allocating said power, data, and cool-
ing comprises transmitting a message from the central

network device to a controller at one of said plurality of 5

remote communications devices to adjust power, data,
or cooling usage;

wherein the cables each comprise a power line for deliv-

ering power, a data line for transmitting fiber delivered
data, and a coolant tube for carrying coolant.

18. The system of claim 17 wherein the splitter device
comprises a passive splitter device.

19. The system of claim 17 wherein allocating said power,
data, and cooling to said plurality of remote communications
devices comprises modifying an interleave pattern for power
packets on the cable, modifying a timeslot allocation for data
on the cable, and modilying coolant valve settings for one or
more of said plurality of remote communications devices.
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